ABSTRACT: Sets of beach ridge plains located as far as ten kilometres inland at the Chumphon estuary area, southern peninsular Thailand, provide evidence of an ancient sea-level change. Relict coastal landforms including former beach ridge plains, old lagoons, swales, and former tidal flats between beach ridges are found inland at elevations of 1-5 m above the present sea level. Ancient beach ridges here comprise three sets and all are inferred to have been deposited during the Holocene. The orientation of the inner beach ridge plains confirms their deposition by south to north longshore currents, whereas the middle and outer ridges were probably formed by north-to-south currents. Grain size analysis shows that all ancient beach ridge deposits are similar and are composed of fine-to medium-grained sand with high sphericity. Likewise, the compositions are similar, with quartz as a major component and feldspar and ferromagnesian minerals as minor components, reflecting the same sediment provenance. Marine fossils found in the former tidal deposit indicate intertidal and mangrove environments. Optical stimulating luminescence dating of three sets of beach ridge plains indicate that deposition occurred 8900-5600, 5900-2700, and 3800-1600 years ago for inner, middle, and outer beach ridge plains, respectively.
INTRODUCTION
Since 1980, sea level changes in Thailand have been extensively investigated on the lower central plain and Holocene palaeo-shorelines proposed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The Holocene sea level curve for peninsular Malaysia and Singapore were among the first pioneer curves that derived from result of radiocarbon dating of shell, wood, and coral materials in marine and brackish deposits 11, 12 . Most of the dated material comes from estuarine environment and indicates the history of sea level change during the Holocene after the post-glacial marine transgression (PGMT). In general, the sea level rose rapidly after PGMT from several meters below the present mean sea level (MSL) and reached a highstand of nearly 4 m above MSL at around 6500-7000 years before present (BP). Then sea level began to fall to the present MSL around 3000 or fewer years ago 11, 13 . From southern Thailand, Sconffin and Tissier also confirmed this history of sea level changes from a study of fringing reefs growing in the muddy waters of southeast Phuket 14 . The results indicated that reefs commenced to grow 6000 years ago when the sea level (low spring tide) was at 1 m above present MSL 14 . Moving northwards to the upper Gulf of Thailand, an indicator of Holocene marine transgression is found in the lower central plain from the deposition of the Bangkok clay formation 15 . However, fluctuations of sea level were also reported locally from Thailand and peninsular Malaysia during sea-level regression after the sea reached the mid-Holocene highstand 12, 16 . A sealevel curve in the Gulf was firstly established by Sinsakul 16 . Radiocarbon dating suggest that sea level rose rapidly from −12.75 m below MSL to reach a maximum highstand at about 3.5 m above present MSL at around 6500 to 4000 years ago 17, 18 . Well accepted evidence of sea level changes is provided by muddy deposition especially from marine and brackish fossils. Relict of coastal landforms preserved inland are significant evidence rarely discovered. In this study, we focus on our discovery on the Chumphon estuary area, southern Thailand where the relict beach ridge plains remain as far as ten kilometres inland. The estuary area of Chumphon preserves spectacular geomorphological landforms as the former beach ridges 6-10 km from the present shoreline. These beach ridge plains are geographically bordered by the highland in the west and the present coastline in the east (Fig. 1) . In the middle part of the area, the Thatapaow canal runs throughout Muang district and flow down south to reach the coastal zone joining Sawi and Langsuan rivers at Sawi and Langsuan districts, respectively. Terrestrial sediments are transported to the Chumphon coastal zone via all these rivers.
MATERIALS AND METHODS

Geomorphological interpretation and field planning
Relict landforms including three different beach ridge plains can be recognized clearly from aerial photographs taken in 1998 by the Royal Thai Survey Department (Fig. 1a) . Detail interpretation from aerial photographs provides a coastal geomorphological map with a precise boundary classification of landforms. The interpretation of palaeo-longshore current is also provided by the orientation of beach ridges. The coastal transect lines were then set up mostly perpendicular to the present shoreline for geomorphological checking and locating sampling sites. Geomorphological field check is not only aimed to examine the accuracy of interpretation, but also to make a detail topographical survey of beach ridge plains by high accuracy digital GPS. Samples for detailed analysis of sedimentary deposits from each beach ridge were collected by digging small excavation pit as well as hand augering. Apart from beach ridges, sediment samples were also taken from several landforms including a former lagoon, former tidal flat, and modern beach. At the top of each beach ridge, shallow pits were done at foreshore zone and sand samples were collected for optically stimulated luminescence (OSL) dating. Marine and brackish shell fossils were also collected from former tidal flats and swales for systematic faunal classification (also see location in Fig. 1b) .
Laboratory analysis
A total of 115 samples from 22 auger cores of the former sandy beach ridges, and the recent beach were analysed. Distribution of grain size and the statistical values of sediments were calculated by moment method modified from Boggs 19 and four parameters were determined: average grain size, standard deviation, skewness, and kurtosis. The comparison of moment parameter followed Blott 21 . The classification of roundness and sphericity followed Powers 22 .
RESULTS
Description of landforms
The result of aerial photograph interpretation (Fig. 1a) provides a detailed geomorphological map (Fig. 1b) . Coastal geomorphological units observed in this area include the old sandy beach, old lagoon, young sandy beach, old tidal flat, upland and mountain, intertidal flat, and tidal flat. Some relict coastal landforms were recognized inland as far as ten kilometres from the present shoreline, e.g., a series of ancient beach ridges. Inland beach ridges showing a strandline can be used as an indicator of the palaeo-shoreline. The former beach ridge is a relict feature left behind inland usually of interest for being evidence of sea level changes both during marine transgression and regression. Likewise, sets of strandlines indicate the past longshore current direction. The shape of the ancient beach ridge can also be related to the sea level regression at the time when the land prograded seawards. In this area, at least three series of former beach ridges were recognized with a different direction of palaeolongshore current. The inner series showed the direction of palaeo-longshore current from the south to the north. On the other hand, the middle and outer series of former beach ridges showed the palaeo-longshore current direction from the north to the south (Fig. 1c) .
Physical properties of the sediments
Plotting of statistical parameters from grain size analysis ( Fig. 2) can separate the sediments into four groups based on the different landforms as inner series, middle series, outer series, and recent beach. Mean grain size of the inner series of former beach ridge is characterized as very fine to medium sand, moderately to moderately well sorted. Skewness and kurtosis values are showed as coarse to fine skewed to very leptokurtic, respectively. From the middle series, mean grain size is described as medium sand and moderately sorted. Skewness value showed as symmetrical to fine skewed, whereas kurtosis value is in the range of very leptokurtic. Mean grain size of the outer series of former beach ridges is classified as fine sand, moderately to moderately well sorted, coarse to symmetrical skewed, with a kurtosis value is in the range of very mesokurtic to leptokurtic. The recent beach is dominated by fine sand, moderately to moderately well sorted, symmetrical skewed, and leptokurtic.
Two-variable scatter plots include mean grain size versus sorting, mean grain size versus skewness, sorting versus kurtosis, and skewness versus kurtosis 23 . Mean grain size versus sorting (i.e., standard deviation) (Fig. 2a) is commonly used to indicate the deposition environment of the sediment sample. The middle, outer ridge, and recent beach sand samples had a mean grain size between medium sand and fine sand. Sorting value was in a range of moderately to moderately well sorted. Mean grain size versus skewness in this unimodal sediment is composed of pure sand and shown positive skewed. Scatter plot of mean grain size versus standard deviation are shown in Fig. 2b . Some sand sediments at the outer ridge and the inner ridge showed extreme kurtosis values and good sorting (Fig. 2c ) similar to sediments in the neritic zone. Extreme kurtosis values result from sand mode that achieves a good sorting in a high energy environment of a beach, and then it is transported a mass by storm to a neritic environment where it becomes mixed with clay and hence is finally deposited in a medium of low sorting efficiency 23 . Skewness versus kurtosis (Fig. 2d ) 24 shows a regular path. Most of the samples are in the range of fine to coarse skewed and mesokurtic to leptokurtic. Half of all sediment samples are characteristically leptokurtic and positive skewed, indicating that they have been transported not far from the sort area.
Compositions, roundness, and sphericity
The old beach ridge at Chumphon estuary area consists mainly of quartz. All beach ridges, the inner, the middle, and the outer series of old beach contain similar composition. A minor component of the inner series of old beach consist of feldspar and ferromagnesian minerals, in a percentage higher than that of the middle and the outer ridge (Fig. 3) .
Roundness of the inner beach sediments displays a subangular shape, whereas, the middle beach ridge shows an angular to subangular shape. Roundness trend from the outer former beach ridge is subangular. All of beach ridge sediments show a high sphericity shape.
Based on the composition of beach sediments, sediments in this coastal area were transported from mountains in the west and the north of this area. Rock basements are composed of Permo- carboniferous and Permian sedimentary rocks. The weathered sediments from these rock basements were transported by active fluvial systems in the north-eastern part of beach ridges and through the coastal zone by longshore currents 25 .
Age determination of ancient beach ridges
Twenty one samples from the ancient beach ridge plains (Figs. 4 and 5a ) located far from present www.scienceasia.org shoreline were analysed by the optical stimulate luminescence (OSL) dating method. The age of these beach ridges dated from all transects is shown in Table 1 and Fig. 5b-d . At transect 1, result of OSL dating of the inner ridge series reveals an age of between 8930 ± 630-6130 ± 410 years BP. The middle beach ridges series have an age of between 5100 ± 230-4560 ± 430 years BP. Finally, the outer ridge series have a younger age than those of inner and middle ridge plains around 3540 ± 260 years BP.
Along transect 2, OSL samples were collected from 8 locations at the inner, middle, and outer beach ridge series. The age of beach sand at the inner beach ridges ranges from 7600 ± 460-5610 ± 600 years BP. Whereas, the middle ridge shown the age of deposition from 5950 ± 340, 4780 ± 650 and 3180 ± 630 years BP seawards. The outer ridge series gave the youngest age of deposition which ranges from 2790 ± 230-2760 ± 320 years ago. At transect 3, three samples from the middle beach ridge display the depositional age ranging from 3880 ± 320-2790 ± 280 years BP. The outer beach ridge series with sand spit shape-like show a depositional age ranging from 3410 ± 520-1680 ± 250 years BP. Based on the result of age dating by OSL method, three series of the ancient beach ridges here show a depositional pattern seawards with the oldest one located at the inner beach ridge series and the youngest one located at the outer beach ridge series.
DISCUSSION
Palaeo-shoreline and palaeo-longshore currents
The delineation of palaeo-shorelines from aerial photograph interpretation is a pioneer technique used to locate the ancient shoreline in the central plain of Thailand 3, 4 . The interpretation of aerial photographs alone however may not be reliable enough, and needs to be combined with a detailed analysis of sedimentology and dating of marine or brackish deposits as well as the classification of fauna found within the area.
In this study area, a tentative boundary of the westernmost palaeo-shoreline is indicated by the occurrence of an innermost beach ridge located far approximately 6 km inland from the present shoreline. However, the innermost beach ridge may have occurred either during the rapid transgression or regression; therefore, the back-barrier lagoon found in the west of innermost beach ridge (10 km inland) may help to confirm that the sea invasion occurred before the mid-Holocene.
Three sets of beach ridge plains were recognized in the study area as mentioned earlier. All the former beach ridges were prograded seawards. The orientation of the three beach ridge plains is parallel to the present shoreline and reflects a different direction of palaeo-longshore current during the time they were formed. The shape of the inner beaches shows that the deposition prograded northwards. They suggest that the longshore current direction www.scienceasia.org was likely from south to north. On the other hand, the middle and the outer beaches show a spit shape with the end of each beach curved at the end; therefore, they were formed by the southwards direction of longshore current (also see Fig. 1c ).
Sediment characteristics of the beach ridge
Differences in statistical parameters can be detected from each of beach ridge. Grain size distribution is one of the physical properties that reflect the energy during the depositional processes. However, grain size distribution could not be used alone for sedimentary environment identification, but it needs to be combined with the other lines of evidence (i.e., roundness, sphericity, and heavy minerals, biogenic components) 26 . Scatter plots of mean grain size versus standard deviation (sorting) shows a narrow range of grain size (very fine to coarse sand) and moderately to moderately well sorted values (also see Fig. 2 ). This indicates a high energy environment of the beach zone 23 . Based on the plot of sorting versus skewness, some samples from the outer and the inner beaches showed an extreme kurtosis and were well sorted indicating a neritic origin. The result of skewness versus kurtosis scatter plot reveals that half of all sediment samples are characterized by leptokurtic and are positively skewed. It indicates that the sediments were transported not so far from the source provenance 23 . Skewness and kurtosis plot is identified as the indicator of selective action of the transporting agent 27 . Additionally, all of sand generally yields a negative skewness that is common for a beach.
In this study, beach sand with fine-to coarse skewed indicates an environmental change between calm condition (stable current) and storm condition (variable current velocities and turbulence during deposition). Poorer sorting indicates variable current velocities and turbulence during deposition while good sorting indicated smooth and stable currents. Local shoaling in a shallow marine environment may produce a complex current flow patterns, eddying, and wave-generated turbulence causing sand to become negatively skewed for the most part 28 . Major beach sand composition is quartz. The rest are feldspar and ferromagnesian minerals. They are generally subangular to angular that can be classified as submature texture stage as suggested by Folk 29 and pointed to relatively short transportation for a considerable time and distance 30 .
Pleistocene sea level records
Fleming et al 31 mentioned the eustatic component of relative sea-level change in Pleistocene provides a measure of the amount of ice transferred between the continents and oceans during glacial cycles. This has been quantified for the period since the last glacial maximum (LGM) by correcting observed sea-level change for the glacio-hydro-isostatic contributions using realistic ice distribution and earth models. During the LGM the eustatic sea level was at 125 ± 5 m lower than the present day 32 . In Southeast Asia, Hanebuth et al 9 proposed a sea-level curve for the Sunda shelf derived from shoreline facies. On the proximal part of the Sunda shelf transect, the late-glacial transgression could be directly identified between a water depth of 70 and 126 m. Pedogenesis on the late Pleistocene land surface indicates a low sea-level still stand in the LGM at 22 ka. This surface is overlaid by transgressive coastal sediment and marine sands then cover the transgressive sediments after a hiatus 9 . Ages from Rotalia sp. from mud layer vary widely from 12.4 to 4.1 ka and indicate that shelf sediments were reworked and mixed up to recent times.
A sea level curve in the Pleistocene epoch from the Huon Peninsula, New Guinea analysed from coral terraces shown a mean eustatic sea level change 32 . During 12 Ma, the sea-level began to fall and show fluctuation. The sea-level was lowest than mean eustatic sea level at 120 m below present mean sea level. Likewise, we infer that sea level records during LGM from the Gulf of Thailand is linked to the history of the Sunda Shelf.
Holocene sea level records and revised sea level curve
History of sea-level change in Southeast Asia during the Holocene was shown as sea level curve in Fig. 6a 33 . The curves were compiled from the Holocene records in Malacca strait, Indonesia 34 , Malay-Thai peninsula, and Sunda shelf 9 , and the Huon peninsula, Papua New Guinea from Chappell and Polach 35 . However, we will discuss only the previous work regarding Thai-Malay peninsula. Tjia 12 studied abrasion platforms, sea-level notches and oyster beds in peninsular Malaysia. The sealevel curve revealed the two Holocene highstands at 5000 and 2800 14 C years BP 33 . However, sealevel in Thailand is mentioned to have fluctuated at least three times from mid/late Holocene highstands at 6000, 4000, and 2700 14 C years BP 33 . Intertidal reef-flat corals (microatolls) formed in mid/late Holocene highstands were reported from Phuket, Southern Thailand 14 . The evidence there suggested a single Holocene highstand with a constant rate of sea level fall since 6000 years BP. The first sea-level curve for Thailand was proposed by Sinsakul et al 16 . The curve shows two Holocene highstands at 5000 and 2800 years BP 16 . In general, the sea-level curve for Thailand and Malaysia indicated three probable rebound phases during the mid-to Late Holocene with highstands at 6, 4, and 2.7 ka 12, 16 . A revised sea-level envelope for the Gulf of Thailand was proposed by Choowong et al 17 , which corresponded well with the sea-level curves subsequently constructed by Horton et al 18 for the Thai-Malay peninsula. The curves show an upward trend of rising Holocene sea level to the mid-Holocene highstand, and then a gradual fall of sea level to the present.
The interpretation of the former sea level has been commonly based on the coastal geomorphology, fossils, and absolute age dating. Here, we have done OSL dating of former beach ridge plains. We propose a revised sea level curve for Thailand (Fig. 6b) . Together with the other geological evidence such as the occurrence of sea notches in different level and bio-erosion found at the wall of limestone, they all help to confirm that Chumphon estuary area was invaded by the sea during the Holocene. Sea level has reached almost 5 m above the present sea level. The alignment of the innermost beach ridges at highest elevation of 5 m indicates the highstand. Then the sea started to prograded seawards leading to the gradual formation of beach ridge plains at highstand elevation to the present MSL that can be inferred as marine regression (also see elevation change in Fig. 5e ).
